Successful B cell differentiation and prevention of cell transformation depends on balanced and fine-tuned activation of cellular signaling pathways. The phosphatidyl inositol-3 kinase (PI3K) signaling pathway has emerged as a major regulator of B lymphocyte homeostasis and function. Phosphoinositide-dependent protein kinase-1 (PDK1) is the pivotal node in the PI3K pathway, regulating the stability and activity of downstream AGC kinases (including Akt, RSK, S6K, SGK, and PKC). Although the importance of PI3K activity in B cell differentiation is well documented, the role of PDK1 and other downstream effectors is underexplored. Here we used inducible and stage-specific gene targeting approaches to elucidate the role of PDK1 in early and peripheral B cell differentiation. PDK1 ablation enhanced cell cycle entry and apoptosis of IL-7-dependent pro-B cells, blocking Ig synthesis and B cell maturation. PDK1 also was essential for the survival and activation of peripheral B cells via regulation of PKC and Akt-dependent downstream effectors, such as GSK3α/β and Foxo1. We found that PDK1 deletion strongly impaired B cell receptor (BCR) signaling, but IL-4 costimulation was sufficient to restore BCR-induced proliferation. IL-4 also normalized PKCβ activation and hexokinase II expression in BCR-stimulated cells, suggesting that this signaling pathway can act independent of PDK1 to support B cell growth. In summary, our results demonstrate that PDK1 is indispensable for B cell survival, proliferation, and growth regulation.
Successful B cell differentiation and prevention of cell transformation depends on balanced and fine-tuned activation of cellular signaling pathways. The phosphatidyl inositol-3 kinase (PI3K) signaling pathway has emerged as a major regulator of B lymphocyte homeostasis and function. Phosphoinositide-dependent protein kinase-1 (PDK1) is the pivotal node in the PI3K pathway, regulating the stability and activity of downstream AGC kinases (including Akt, RSK, S6K, SGK, and PKC). Although the importance of PI3K activity in B cell differentiation is well documented, the role of PDK1 and other downstream effectors is underexplored. Here we used inducible and stage-specific gene targeting approaches to elucidate the role of PDK1 in early and peripheral B cell differentiation. PDK1 ablation enhanced cell cycle entry and apoptosis of IL-7-dependent pro-B cells, blocking Ig synthesis and B cell maturation. PDK1 also was essential for the survival and activation of peripheral B cells via regulation of PKC and Akt-dependent downstream effectors, such as GSK3α/β and Foxo1. We found that PDK1 deletion strongly impaired B cell receptor (BCR) signaling, but IL-4 costimulation was sufficient to restore BCR-induced proliferation. IL-4 also normalized PKCβ activation and hexokinase II expression in BCR-stimulated cells, suggesting that this signaling pathway can act independent of PDK1 to support B cell growth. In summary, our results demonstrate that PDK1 is indispensable for B cell survival, proliferation, and growth regulation.
A ctivation of the phosphatidyl inositol-3 kinase (PI3K) signaling pathway is critical to early B cell development as well as peripheral B cell survival and activation (1) . Although the catalytic p110 subunits of class I PI3K molecules are partially redundant, the combined loss of the p110α and p110δ isoforms results in impaired IL-7R-driven proliferation (2) . Conversely, it has been suggested that attenuation of PI3K signaling via IL-7R signaling is required for pre-B cell differentiation into IgM-expressing cells to cease proliferation and promote RAG expression (3) .
In peripheral B cells, continued survival requires "tonic" signaling via the B cell receptor (BCR), which can be replaced by constitutive PI3K activity (4) . Moreover, generation of the marginal zone (MZ) and B-1 B cell subsets, as well as antigendriven differentiation into antibody-producing cells, are dependent on PI3K (1). PI3K activity generates PtdIns(3,4,5)P 3 , which acts as a secondary messenger by binding the pleckstrin homology domains of downstream effector molecules. PtdIns (3,4,5)P 3 is also the substrate for the phosphatases PTEN and SHIP, generating PtdIns(4,5)P 2 and PtdIns(3,4)P 2 , respectively. Unrestrained activation of PI3K signaling in B cells lacking PTEN and SHIP results in lethal B cell lymphoma (5) .
Phosphoinositide-dependent kinase 1 (PDK1) represents a pivotal downstream effector of PI3K signaling, regulating cellular responses to growth factors, insulin, and numerous other agonists by activating a number of AGC protein kinases. Analysis of Pdk1 −/− mouse embryonic stem cells confirmed that the major targets include protein kinase B (PKB)/Akt, p70 and p90 ribosomal S6 kinases (S6K1 and RSK, respectively), serum-and glucocorticoid-induced protein kinase (SGK), and protein kinase C (PKC) isoforms (6) . After cell stimulation, phosphorylation of conserved residues in the carboxyl-terminal domain of the AGC kinases creates a docking site for PDK1 (7) . Maximum activity and stability of the AGC kinases depend on the subsequent phosphorylation of a key threonine residue in the T or activation loop within the catalytic domain by PDK1 (7) . The mechanism of Akt activation is an exception to this general rule. Akt isoforms as well as PDK1 have a pleckstrin homology domain that specifically binds to PtdIns(3,4,5)P 3 . This interaction induces translocation and colocalization of Akt and PDK1 to the inner membrane, where PDK1 can effectively phosphorylate the T loop of Akt at T308 (8) . The Sin1/Rictor-containing mTOR complex (mTORC2) phosphorylates Akt at S473 in the hydrophobic C-terminal motif (9) , resulting in dual phosphorylation and full activation. In the present study, we used a genetic approach to explore the functions of PDK1 in B cell development and differentiation.
Results

PDK1
Is Required for Early B Cell Development. To examine the in vivo role of PDK1 in B cell development, we crossed mice bearing a conditional loxP-flanked Pdk1 allele (Pdk1 L ) (10) with mb1
Cre mice in which the cre recombinase gene has been inserted into the mb1 locus (11) . Multicolor flow cytometry analysis of bone
Cre mice revealed a threefold reduction in the frequency of B220 + B cells, encompassing an almost complete loss of mature recirculating (B220 
CD25
+ ), whereas the proportion of pro-B cells (B220
Cre mice (Fig. 1B and Fig. S1B ). Therefore, ablation of Pdk1 prevents the generation of surface IgM + B cells.
Significance
Phosphatidyl inositol-3 kinase (PI3K) activity is central to B lymphocyte survival, growth, and differentiation. Recent clinical studies also indicate that inhibiting the activity of the PI3Kδ isoform will be effective in treating human B cell malignancies.
Here we focus on the B cell-specific role of the Ser/Thr kinase phosphoinositide-dependent kinase 1 (PDK1), a pivotal downstream effector of PI3K signaling that is required for the activation of most members of the AGC kinase family (e.g., Akt, S6K, RSK, PKC). Using conditional gene-targeting approaches, we show that the B cell receptor and a subset of cytokine receptors require PDK1 for B cell generation in the bone marrow as well as for mature B cell survival and activation.
To determine the precise stage of B cell development that is affected by Pdk1 deletion, we analyzed the subpopulations within the earliest B cell progenitors according to the Hardy classification scheme (12) . Pdk1 L/L × mb1 Cre and Pdk1 +/+ × mb1 Cre mice had similar percentages and numbers of fraction A (Fr. A) prepro-B cells and Fr. B early pro-B cells in the BM (Fig. S1 ).
Pdk1
L/L × mb1 Cre mice also showed a normal frequency of Fr. C cells; however, these mice had significantly lower proportions and numbers of Fr. C′ cells, including large cycling pre-B cells expressing the pre-BCR (Fig. S1 ). To determine whether Pdk1-deficient Fr. C pro-B cells are capable of expressing a productive μ heavy chain (μHC) component of the pre-BCR, we stained BM cells for intracellular μHC. Staining revealed that the frequency of pro-B cells (B220
Cre mice than in Pdk1 +/+ × mb1 Cre mice (Fig. 1C) . Taken together, these results suggest that PDK1 regulates survival and/or proliferation of B cell progenitors, including the generation and expansion of large-cycling pre-B cells expressing the pre-BCR.
PDK1
Regulates IL-7R-Dependent Proliferation and Survival. We examined whether, in addition to impaired pre-BCR assembly and/ or signaling, alterations in IL-7R signaling also could contribute to the blockage of
Cre and control mice had similar frequencies of B220
Cre BM B cells were recovered after 2, 4, or 6 d of culture with IL-7 compared with Pdk1 +/+ × mb1 Cre cells (Fig. 2B ), suggesting a critical role for PDK1 in IL-7-mediated proliferation and/or survival. To distinguish between these two possibilities, we loaded equal numbers of purified B220
+ BM cells with carboxyfluorescein succinimidyl ester (CFSE) before stimulation with IL-7. Analysis of the CFSE dilution profile (as a measure of cell division) vs. 7AAD exclusion (as a measure of viability) showed that Pdk1 L/L × mb1 Cre cells responded to IL-7 stimulation and actually divided more rapidly than control cells early in culture, indicating that the diminished numbers of Pdk1-deficient cells in IL-7 cultures was caused by defects in cell survival, not be defects in cell proliferation (Fig. 2C ). On removal of IL-7, cultured B cell progenitors continued to undergo Ig gene rearrangement to become surface Ig (Fig. 3A) . Conversely, Pdk1-deficient cultures showed a higher percentage of cells expressing , and BAD S136 was observed as well (Fig. 3B) , suggesting that this dysregulation may contribute to impaired cell survival. GSK3α/β S21/9 phosphorylation inhibits kinase activity and has been shown to prevent phosphorylation-dependent degradation of Mcl-1 (13) 
Cre pre-B cells exhibited a modest decrease in Mcl-1 expression relative to controls (Fig. 3B) . Even though Bim is a target of the FoxO factors, its expression was not altered in Pdk1 L/L × mb1 Cre pro-B cells expressing hypophosphorylated nuclear Foxo1 (Fig. 3B) . In addition, we did not detect significantly altered levels of the antiapoptotic factor Bcl-xL or the proapoptotic factor Bax in cultured Pdk1 L/L × mb1 Cre pre-B cells (Fig. 3B) . Thus, the primary survival defect may result from impaired phosphorylation of BAD S136 by Akt, which disrupts binding with Bcl-2 and Bcl-xL and promotes survival. The levels of cyclin D3, c-myc, and p27 kip1 were normal in the Pdk1-deficient cells (Fig. 3B) , suggesting that alterations in other unidentified cell cycle factors contribute to the augmented proliferation observed in these cells. (Fig. 4B) . These results indicate that PDK1 is necessary for the formation of both subsets of "innate-like" B cells that produce natural IgM.
The dramatic reduction in the number of FOB cells in Pdk1 L/L × Cd21
Cre mice suggests that PDK1 controls the maturation and/or Cre mice showed a 3.5-fold increase in the percentage of BrdU + cells within the FOB cell pool, indicating a higher rate of peripheral B cell turnover in these mice (Fig. 4C) . This result suggests that Pdk1-deficient B cells in the periphery are short-lived and are continually replenished by newly formed B cells from the BM.
To gain insight into PDK1-mediated survival mechanisms in mature recirculating B cells, we examined signal transduction via the PI3K pathway in FOB cells isolated from Pdk1 L/L × Cd21 , which is the residue directly phosphorylated by PDK1; moreover, pAkt S473 was substantially increased in PDK1-deficient cells (Fig. 4D) . The modest effect on phosphorylation of Akt T308 likely reflects the robust activity of residual PDK1, as has been noted in other systems (15) . Moreover, enhanced phosphorylation of Akt S473 is known to occur after derepression of a negative feedback mechanism involving the mTORC1 complex (16) .
To examine B cell function, we measured basal Ig levels by ELISA. Serum IgM and IgG levels were reduced (Fig. S4A) , consistent with impaired B cell survival and strong reductions in the MZ and B-1 B cell compartments. However, serum IgA and IgE was maintained or significantly elevated, respectively (Fig.  S4A) . Notwithstanding the isotype-specific variations in basal Ig levels, Pdk1 L/L × Cd21 Cre B cells were unable to mount an efficient antigen-specific antibody response to the T cell-independent polymeric antigen, 2,4,6-trinitrophenyl (TNP)-Ficoll (Fig. S4B) . In addition, germinal center B cell differentiation was strongly impaired in the spleen after immunization with sheep red blood cells (SRBCs) (Fig. S4 C and D) , and spontaneous germinal center formation in the Peyer's patches (Fig. S4E) . These findings suggest that PDK1 is essential for antigen-driven clonal expansion.
The residual PDK1 expression noted in B cells from Pdk1 L/L × Cd21
Cre mice (Fig. 4D ) raised the possibility that B cells that retain some level of PDK1 expression have a survival advantage. Thus, we established a system to examine the acute effects of Pdk1 inactivation in mature B cells by intercrossing Pdk1 L/L mice with the recently described hCD20Tam
Cre strain (17), as well as with the Cre-induced Rosa26 eyfp reporter strain (18) (Fig. 5A) ; however, analysis at several weeks after tamoxifen treatment revealed a dramatic reduction in the number of EYFP + B cells in the Pdk1 L/L × Tam Cre mice (Fig. 5B) . Moreover, induced deletion of Pdk1 at days 3-5 postimmunization with SRBCs resulted in a strong block in germinal center B cell differentiation (Fig. S5A ) These findings are consistent with those obtained in the Pdk1 L/L × Cd21
Cre system, indicating that PDK1 is required for the growth and survival of B cells representing all peripheral subsets.
To evaluate the role of PDK1 in peripheral B cells responding to mitogens and growth factors, we purified splenic B cells from (Fig. 5C ). These findings raised the possibility that the elevated basal IgA and IgE observed in vivo (Fig. S4A ) may be a result of an augmented class-switch recombination. Indeed, we found that costimulation with IL-4 resulted in sustained proliferation and normalized switch to IgG1 (Fig. S5C) . Taken together, these results suggest that IL-4 can function in a PDK1-independent manner to promote B cell survival and function. ( Fig. 6A) . Nonetheless, phosphorylation of the Akt substrate pFoxo1 S256 was reduced in Pdk1-deficient cells, suggesting compromised Akt activity in these cells. As observed in early B cells from Pdk1 L/L × mb1 Cre mice (Fig. 3B) , Pdk1 L/L × Tam Cre cells expressed elevated levels of active caspase 3 (Fig. 6A) . To elucidate upstream defects in survival pathways that would contribute to caspase-3 activation, we prepared whole-cell lysates from Pdk1 L/L × Tam Cre and control B cells that had been stimulated overnight with various stimuli. Consistent with previous work implicating Akt in promoting Mcl-1 stability by inhibiting GSK3α/β activity (13) , Pdk1 L/L × Tam Cre B cells showed some diminution in Mcl-1 expression on costimulation with anti-IgM F(ab′) 2 (Fig. 6B) . Expression of other proapoptotic or antiapoptotic factors, including Bcl-2, Bcl-xL, and Bim, was unchanged in the Pdk1 L/L × Tam Cre cells (Fig. 6B ). PDK1 phosphorylates and promotes the activation and stability of PKC isoforms. We examined the levels of PKCβ in Pdk1-deficient B cells, because this isoform controls survival pathways mediated by NFκB in B cells. Although we found no changes in the amount of total PKCβ or other PKC isoforms, the amount of pPKCα/β T638/641 was consistently reduced in resting Pdk1 L/L × Tam
Cre and Pdk1 L/L × CD21 Cre B cells (Fig. 6C and Fig. S6 ). This threonine residue is located in the turn motif of PKCs and is autophosphorylated after PDK1 phosphorylation of the activation loop. Interestingly, BCR signaling did not alter pPKCα/β T638/641 levels in WT or Pdk1 L/L × Tam Cre B cells after either 24 h or shortterm culture with anti-IgM F(ab′) 2 (Fig. 6 B and C) . In contrast, B cells that had been cultured simultaneously with anti-IgM F(ab′) 2 and IL-4 had higher levels of pPKCα/β T638/641 compared with B cells that had received anti-IgM F(ab′) 2 or IL-4 alone. This induction was similar in WT and Pdk1 L/L × Tam Cre B cells (Fig. 6C) . It was recently shown that PKCβ plays an important role in the induction of aerobic glycolysis on BCR stimulation, and that blockage of glycolysis results in decreased survival of activated B cells (19) . We found that BCR engagement failed to induce normal expression of hexokinase II (HKII), a glycolytic enzyme, in Pdk1 L/L × Tam Cre B cells (Fig. 6C) . In contrast, the combination of anti-IgM F(ab′) 2 and IL-4 induced similar levels of HKII in WT and Pdk1 L/L × Tam Cre cells (Fig. 6C) . Thus, induction of HKII by IL-4 contributes to the recovery of B cell growth, proliferation, and survival in a PDK1-independent manner.
Discussion
Here we focused on the role of PDK1 as a critical and nonredundant factor that parses signals downstream of PI3K and has PtdIns(3,4,5)P 3 -independent functions as well. We found that Pdk1-deficient pro-B cells largely failed to produce μHC and complete their differentiation into pre-B cells. An explanation for this finding may come from the recent findings of Venigalla et al. (20) , who reported that PDK1 supports the expression of Pax5, which is required for efficient rearrangement of distal V H gene segments. Once assembled, the pre-BCR can attenuate IL-7R/PI3K/Akt signaling, abetting Foxo1 activity in the nucleus and ultimately limiting cell proliferation, Rag gene transcription, and light chain gene rearrangement (3) . Using Cd19
Cre mice to inactivate Pdk1, Park et al. (21) recently reported that although the pre-B cell compartment was intact in these mice, PDK1 was required for the generation of immature B cells in the BM. Thus, PDK1 is necessary for pre-BCR assembly, and also appears to be necessary for the positive selection of immature B cells expressing a functional BCR.
PDK1-deficient pro-B cells were more susceptible to cell death. Although Bcl-xL, Bax, and Bim expression was unaffected by PDK1 loss, Mcl-1 expression was modestly reduced, and Bad S136 phosphorylation was strongly reduced. These findings are consistent with reports that activated Akt enhances cell survival via inactivation of BAD and stabilization of Mcl-1. Phosphorylation of Bad inhibits apoptosis by preventing dimerization with Bcl-2 or Bcl-xL (22) . Phosphorylation of GSK3 by Akt inhibits kinase activity, preventing phosphorylation-dependent ubiquitylation and degradation of Mcl-1 (13, 23) . Mcl-1 is indispensable for the survival and development of B cell progenitors (24) , and its expression level appears to be regulated primarily by post-translational mechanisms. That said, in pro-B cells, STAT5 is known to drive Mcl1 transcription (25) . Because IL-7R/STAT5 activation was normal in Pdk1 L/L × mb1 Cre B cells, this pathway likely contributed to the steady-state levels of Mcl-1 in these cells.
In addition to tonic signaling, the BCR and BAFFR promote mature B cell survival by regulation of metabolic fitness, which depend on PKCβ and PI3K/Akt signals (19, 26) . BAFF induces PKCβ translocation to the membrane, followed by Akt activation and changes in cell size (26) , whereas BCR engagement causes transcription of glycolytic genes in a PKCβ-dependent manner (19) . We found reduced levels of pPKCα/β T638/641 , which represents the mature active PKC isoforms, as well diminished amounts of the glycolytic protein HKII in Pdk1-deficient B cells. Curiously, costimulation with anti-BCR and IL-4 restored the levels of HKII and pPKCα/β T638/641 and rescued BCR-activated Pdk1-deficient cells from apoptosis. IL-4 costimulation with anti-CD40 or LPS also allowed for robust proliferation-dependent Ig class-switch recombination in the absence of PDK1. Interestingly, these findings are consistent with the description of an alternative PI3K-independent BCR signaling pathway activated by IL-4 stimulation (27) , which induces a STAT6-dependent glycolytic program (28); however, our in vivo studies indicate that this alternate pathway cannot compensate for the loss of PDK1 in promoting B cell homeostasis and function.
Materials and Methods
Mice. Mice bearing loxP sequences flanking exons 3 and 4 of Pdk1 (Pdk1 L/L ) have been described previously (10) and were purchased from the University of Dundee. Pdk1 L/L mice were crossed with mb1 Cre (11) or Cd21 Cre (14) mice 
